This paper presents an adaptive control approach for flutter suppression of a performance adaptive aeroelastic wing equipped with a variable camber continuous trailing edge flap design. The adaptive control approach is based on the optimal control modification method augmented to a linear quadratic gaussian optimal control design. A model reduction based on a singular perturbation approach is presented. The control surfaces are subject to relative motion constraints due to the elastomer transition material in between the flap sections. A virtual control method is proposed using a shape function to deal with the relative motion constraints. Simulation results indicate that the adaptive augmentation control design is effective in suppressing unstable aeroelastic modes.
I. Introduction
The aircraft industry has been responding to the need for energy-efficient aircraft by redesigning airframes to be aerodynamically efficient, employing light-weight materials for aircraft structures and incorporating more energyefficient aircraft engines. Reducing airframe operational empty weight (OEW) using advanced composite materials is one of the major considerations for improving energy efficiency. Modern light-weight materials can provide less structural rigidity while maintaining sufficient load-carrying capacity. As structural flexibility increases, aeroelastic interactions with aerodynamic forces and moments can alter aircraft aerodynamics significantly, thereby potentially degrading aerodynamic efficiency.
Under the Fundamental Aeronautics Program in NASA Aeronautics Research Mission Directorate, the Fixed
Wing project is conducting multidisciplinary research to investigate advanced concepts and technologies for future aircraft systems. A NASA study entitled "Elastically Shaped Future Air Vehicle Concept" was conducted in 2010 1, 2 to examine new concepts that can enable active control of wing aeroelasticity to achieve drag reduction. This study shows that highly flexible wing aerodynamic surfaces can be elastically shaped in-flight by active control of wing twist and vertical deflection in order to optimize the local angles of attack of wing sections to improve aerodynamic efficiency through drag reduction during cruise and enhanced lift performance during take-off and landing.
The study shows that active aeroelastic wing shaping control can have a potential drag reduction benefit. Conventional flap and slat devices inherently generate drag as they increase lift. The study shows that conventional flap and slat systems are not aerodynamically efficient for use in active aeroelastic wing shaping control for drag reduction. A new flap concept, referred to as Variable Camber Continuous Trailing Edge Flap (VCCTEF) system, was conceived by NASA to address this need. 1 Initial study results indicate that, for some applications, the VCCTEF system may offer a potential pay-off in drag reduction that could provide significant fuel savings. In order to realize the potential benefit of drag reduction by active span-load and aeroelastic wing shaping control while meeting all other performance requirements, the approach for high lift devices needs to be considered as part of the wing shaping control strategy.
NASA and Boeing are currently conducting a joint study to develop the VCCTEF further under the research element Active Aeroelastic Shape Control (AASC) within the Fixed Wing project. 3, 4 This study is built upon the development of the VCCTEF system for NASA Generic Transport Model (GTM) which is essentially based on the Boeing 757 airframe, employing light-weight shaped memory alloy (SMA) technology for actuation and three separate chordwise segments shaped to provide a variable camber to the flap. This cambered flap has potential for drag reduction as compared to a conventional straight, plain flap. The flap is also made up of individual 2-foot spanwise sections which enable different flap setting at each flap spanwise position. This results in the ability to control the wing twist shape as a function of span, resulting in a change to the wing twist to establish the best lift-to-drag ratio (L/D) at any aircraft gross weight or mission segment. Wing twist on traditional commercial transport designs is dictated by the aeroelastic deflection of a fixed "jig twist" shape applied at manufacture. The design of this jig twist is set for one cruise configuration, usually for a 50% fuel loading or mid-point on the gross weight schedule. The VCCTEF offers different wing twist settings, hence different spanwise loadings, for each gross weight condition and also different settings for climb, cruise and descent, a major factor in obtaining best L/D conditions. The second feature of VCCTEF is a continuous trailing edge flap. The individual 2-foot spanwise flap sections are connected with a flexible covering, so no breaks can occur in the flap planforms, thus reducing drag by eliminating these breaks in the flap continuity which otherwise would generate vorticity that results in a drag increase and also contributes to airframe noise. This continuous trailing edge flap design combined with the flap camber result in lower drag increase during flap deflections. In addition, it also offers a potential noise reduction benefit.
The VCCTEF is divided into 14 sections attached to the outer wing and 3 sections attached to the inner wing, as shown in Fig. 1 . 4 Each 24-inch section has three camber flap segments that can be individually commanded to form a variable camber trailing edge, as shown in Fig. 2 . These camber flaps are joined to the next section by a flexible and supported material (shown in blue) installed with the same shape as the camber and thus providing continuous flaps throughout the wing span with no drag producing gaps.
Using the camber positioning, a full-span, low-drag, high-lift configuration can be activated that has no drag producing gaps and a low flap noise signature. This is shown in Fig. 3 . To further augment lift, a slotted flap configuration is formed by an air passage between the wing and the inner flap that serves to improve airflow over the flap and keep the flow attached. This air passage appears only when the flaps are extended in the high lift configuration. Figure 4 illustrates the GTM equipped with the VCCTEF for wing shaping control. By actively shaping the wing aerodynamic surface using the VCCTEF, optimal aerodynamic performance could potentially be realized at any point in the flight envelope. The VCCTEF relies on two mechanisms to improve aerodynamic performance: 1) wing twist optimization for flexible wing design, and 2) variable camber and continuous trailing edge for improved aerodynamics.
This fixed-wing technology may be referred to as Performance Adaptive Aeroelastic Wing (PAAW) technology. The performance of an adaptive wing can be described by the following equation: 5
where α c is the sectional angle of attack, α is the geometric angle of attack of the wing section about the pitch axis y, α i is the induced angle of attack due to the downwash about the pitch axis y, γ is the wing pre-twist angle about the elastic axisȳ = y/ cos Λ (positive nose down), Θ is the wing torsional twist about the elastic axisȳ (positive nose down), W is wing vertical bending along the elastic axis (positive upward), Λ is the sweep angle of the elastic axis, δ i is the absolute deflection of the i-th flap segment of the VCCTEF about the hinge axis y h which has a sweep angle of Λ h , and ∂ α c /∂ δ i is the angle of attack sensitivity or camber control derivative due to the VCCTEF flap deflection. It can be seen that the aeroelastic deflections can cause the desired sectional angle of attack to be non-optimal. The effect of the adaptive aeroelastic wing shaping control by the VCCTEF is captured in the last term. The term ∂ α c /∂ δ i is the rigid camber control to compensate for the non-optimal sectional angle of attack. The two terms ∂ Θ/∂ δ i and ∂ (dW /dȳ) /∂ δ i are the aeroelastic wing shaping control by leveraging wing flexibility to change the wash-out twist of a wing in order to achieve improved aerodynamic performance. Thus, the effect of adaptive aeroelastic wing shaping control is to optimize the span load at any operating point inside a given flight envelope. The flexibility of modern transport wings can cause a reduction in flutter margins which can compromise stability of aircraft. In a previous study, a flutter analysis was conducted to examine the effect of increased flexibility of the GTM wing. 6 The baseline wing stiffness of the GTM is reduced by 50%. This wing is referred to as the Elastic Shaped Aircraft Concept (ESAC) wing. to be open-loop stable. Also, active flutter suppression control will require power which could offset any potential aerodynamic performance benefits from wing shaping control using the VCCTEF.
To address the wing shaping control objective, a multidisciplinary design analysis optimization (MDAO) framework must be considered by incorporating the aerodynamic performance prediction together with aeroelasticity and flutter suppression control. The objective of the MDAO is to identify a desired wing flexibility that would provide the best overall aerodynamic, aeroelasticity, and control benefits. For example, the wing stiffness could be reduced to an optimal value that would maximize the aerodynamic performance at off-design cruise with the least amount of control effort to maintain aeroelastic stability margin. The MDAO would also include control gain synthesis directly in the MDAO process. To explore the effect of stiffness reduction on the flutter speed, a sensitivity study is conducted to determine the flutter boundary as a function of the ESAC wing torsional stiffness GJ while the ESAC wing bending stiffness EI is kept at half of that of the GTM wing. Figure 5 is a plot that shows the flutter boundary for a varying torsion stiffness from 100% to 50% of that of the GTM wing. It can be seen from Fig. 6 that to clear the flutter boundary at Mach 1.1, the ESAC wing torsional stiffness GJ cannot be reduced to less than 65% of that of the GTM wing. The question to be investigated is whether or not there are any aerodynamic performance benefits to reduce torsional stiffness GJ further in exchange for the need to incorporate active flutter suppression control.
This paper presents a study of a candidate adaptive flutter suppression control. The adaptive control method is the Optimal Control Modification designed as an adaptive augmentation control to a baseline control which uses a Linear Quadratic Gaussian (LQG) method. The aeroelastic state space models were generated by NASTRAN for various flight conditions for the ESAC wing. The four outboard third camber flap segment of the VCCTEF are used as control inputs. A model reduction is developed using the singular perturbation method for control design.
II. Aeroelastic State Space Model Reduction
Consider a general aeroservoelastic (ASE) state space model of the form
where µ (t) is a fast state vector, η (t) is a slow state vector, δ (t) is the control surface deflection vector, and y (t) is the output vector.
The quality of fast and slow states can be examined by the eigenvalues of the partitioned matrices A 11 and A 22 .
Since µ (t) is a fast state vector, then we can write A 11 < ε A 22 .
In general, an ASE state space model contains both rigid-body modes which usually have low frequencies, and aeroelastic modes which are at much higher frequencies than the rigid-body modes. Flutter modes are usually associated with those aeroelastic modes in the low frequency range. As a result, high frequency aeroelastic modes normally do not participate in a flutter response. In control design, it is usually expedient to remove high-frequency modes in order to simplify a controller design. By removing the high frequency aeroelastic modes, the ASE state space model is reduced in order. Balanced realization is a popular technique for model reduction. In this paper, we will employ a singular perturbation method to reduce the order of an ASE state space model. 7 Using the singular perturbation approach, the fast and slow dynamics can be decoupled. To decouple the fast and slow states, we perform a time-scale separation by applying the singular perturbation method. Toward that end, we consider a slow time transformation
where τ is a slow time variable.
Then, the fast and slow state space models are transformed into a singularly perturbed system aṡ
The Tikhonov's theorem can be used to approximate the solution of the singularly perturbed system with the solution of a "reduced-order" system by setting ε = 0. 8 Thus, the reduced-order system is given bẏ
where η 0 and µ 0 are the "outer" solution of the singularly perturbed system. The term "outer" is in connection with the concept of "inner" or "boundary layer" and "outer" solutions which have the origin in boundary layer theory due to Prandtl. The "inner" or "boundary layer" solution for this system is obtained from
The solution is then expressed as
where η MAE (t) and µ MAE (t) are correction terms by a matched asymptotic expansion method applied to both the inner and outer solutions. 9 The outer solution is in fact the asymptotic solution of the original system as t → ∞.
Since the asymptotic behavior of a closed-loop system is an important consideration for stability implication, the outer solution of the singularly perturbed system is of significant importance. Thus, we obtain the outer solution as the reduced-order model using only the outer solution of the slow state vector η 0 aṡ 
Now consider a simplified second-order actuator model
The state space representation then becomes
which can be expressed in the canonical formẋ
To illustrate the model reduction, ASE state space models at various flight conditions were developed by Boeing Tables 1 that a reduced-order model using only the first 8 modes can capture all the unstable modes and approximate the first 6 modes of the full-order ASE model with 22 modes quite well. 
III. Linear Quadratic Gaussian Optimal Control Modification
The linear quadratic gaussian (LQG) is a standard technique for control design of systems with output or partial state information. A state observer is constructed using the Kalman filter optimal estimation method aṡ
wherex is the estimated state vector, L is the Kalman filter gain, andŷ is the estimated output
The objective is to design a closed-loop observer model that tracks a reference model
Consider an ideal controller u
The ideal closed-loop observer model is then expresseḋ
Assuming the following model matching conditions are satisfied
Then the adaptive controller is designed as
the estimation errors of K x (t), K y (t), and K r (t). Then the closed-loop plant is written asẋ
= A mx + B m r + BK xx + BK y (y −ŷ) + BK r r
Let e = x m −x be the tracking error, then the equation is expressed aṡ e = A m e − BK xx − BK y (y −ŷ) − BK r r
The adaptive laws for K x (t), K y (t), and K r (t) using the optimal control modification 10, 11 are given bẏ
K r = Γ r r e P + ν r r K r B PA
with the initial conditions K x (0) =K x , K y (0) =K y , and K r (0) =K r , where Γ x = Γ x > 0, Γ y = Γ y > 0, and Γ r = Γ r > 0 are the adaptive gains, ν x > 0 ν y > 0, and ν r > 0 are the modification parameters, and P = P > 0 is the solution of the Lyapunov equation
where Q = Q > 0.
For an adaptive augmentation regulator design whereby the reference model is zero, the adaptive controller is given
whereK x is obtained from the linear quadratic regulator (LQR) design of the full-state equation, and the adaptive laws for ∆K x (t) and K y (t) are given by
The adaptive laws can be shown to be stable as follows:
Choose a Lyapunov candidate function
EvaluatingV yieldṡ ThenV ≤ 0 if
In addition, we require that c 1 − ν x c 2 c 2 3 ∆K * 
Thus, the adaptive optimal control modification regulator does not result inx (t) → 0 as t → ∞. This is because the optimal control modification provides robustness by seeking a optimal solution ofx (t) bounded away from the origin. The proximity ofx (t) can be controlled by the modification parameters ν x and ν y . By setting ν x = 0 and ν y = 0, we recover the standard model reference adaptive control which results inx (t) → 0 as t → ∞. However, the MRAC regulator is proven to be non-robust in presence of disturbance which will cause parameter drift. Thus, it is not advisable to use standard MRAC for adaptive regulator design.
The optimal control modification has a linear limiting property under fast adaptation with large adaptive gains. 12 In the theoretical limit as Γ → ∞, then
Using this limiting property, it is possible to estimate stability margin of the closed-loop system in the limit, which
Thus the closed-loop matrix is given by
Then, ν x and ν y can be chosen to provide stability margin based on the closed-loop poles.
IV. Implementation
The ASE state space model contains 45 states using p-transform without unsteady aerodynamic lag states, 64 outputs, and 4 inputs. The states include one rigid-body state; namely the aircraft roll rate p, and two generalized states for each of the 22 aeroelastic modes. The outputs include the aircraft airspeed V ∞ , angle of attack α, sideslip angle β , aircraft angular rates (p, q, r), aircraft position (x, y, z), aircraft attitude (φ , θ , ψ), accelerations in three axes (N x , N y , N z ) at forward of wing tip, aft of wing tip, wing root centerline, and engine center of gravity, and the four hinge moments of the control surfaces. The inputs are the four outboard third camber segments of the VCCTEF.
For the flutter suppression control design, the two N z acceleration measurements are used at outputs. Figure 7 illustrates the input and output locations.
All the control surfaces are not entirely independent in their motions due to the physical constraints imposed by the elastomer transition material. This material has certain position and rate limits. Thus, the control surfaces will have relative position and rate limits. These limits are not the normal position and rate limits that actuators are subjected to.
Thus, these relative constraints can cause challenges in a control design of this system.
Consider the following relative constraints
where i = 1, 2, 3.
For the VCCTEF design, the relative motion between any pair of adjacent flap sections is allowed to be within 2 degrees. The rate constraint imposed by the elastomer material is not yet defined and thus is assumed to be large. The actuator dynamics are modeled as a second-order system. This actuator model is highly simplified since it does not take into account the hinge moment which is a function of the states and the dynamics of the elastomer material which contributes mass, damping, and stiffness to the overall actuator model. In the future, a detail actuator model of the VCCTEF will be developed.
Fig. 7 -Flutter Suppression Input and Output Locations
To address the relative position limit, a concept of virtual control has recently been introduced. 13 The control surface deflections are described by a shape function. This shape function can be any reasonable shape function with a smooth and gradual slope. One simple function is a linear function. The control surface deflections are then parametrized as a linear function
where i = 1, 2, 3, 4 such that δ 1 is the inboard flap and δ 4 is the outboard flap, and δ v is the virtual control surface deflection.
Since the inboard flap section δ 1 cannot deflect more than 2 degrees relative to the stationary flap adjacent to it, then δ v ≤ 8 deg. Also, the outboard flap deflection δ 4 is the same as the virtual control surface deflection. Thus, one can think that outboard flap δ 4 is a master control input while the other three control surfaces are slave control inputs since their motions are dependent on the master control input.
Thus, the virtual control derivatives are computed as
where B jk i is the control derivative of mode j-th with respect to the displacement (k = 1), velocity (k = 2), and acceleration (k = 3) of flap section i-th.
The simulation is conducted with only the reduced-order aeroservoelastic state space model for flight condition at Mach 0.86 and altitude of 10,000 ft. There are two unstable aeroelastic modes: mode 1 and mode 4, as shown in Table 3 . Process noise and sensor noise are introduced to simulate the structural response to atmospheric turbulence.
The baseline full-state feedback controller is designed with an LQR controller tuned to give good performance. An LQG output feedback controller is then designed using the ideal full-state feedback gain. The adaptive augmentation controller is then turned on. The adaptive gain matrices and modification parameters are selected to be Γ x = Γ y = 1
and η x = η y = 0.1. 
V. Discussion
It should be noted that the simulation study is limited in scope. It would be of interest to see how an adaptive controller could be designed to stabilize the unstable aeroelastic modes at two points in the flight envelope. This could enable a gain-scheduling control strategy using adaptive control. Also, the aeroservoelastic state space model developed by Boeing is based on a frequency-dependent p-transform solution. So the state space model is only valid at a given frequency which in this case is the flutter frequency of mode 1. Since there are two unstable modes, the behavior of mode 4 may not be accurately captured in the model. Furthermore, the closed-loop frequency could potentially be different from the open-loop flutter frequency. This could render the control design invalid. In the future, we will be using a more detail aeroservoelastic state space model developed by NASA which uses aerodynamic lag states to approximate the unsteady aerodynamic effect over a wider range of frequencies.
Flexible structures in general can introduce a non-minimum phase behavior in an output feedback control design.
This non-minimum phase behavior can challenge adaptive output feedback control. As a result, adaptive gain must be designed to be properly bounded. This generally would require having a priori knowledge of the unstable zeros. In some way, robustness of adaptive control for a non-minimum phase plant is difficult to be established without knowing the behavior of the plant.
VI. Conclusion
This paper presents a method of augmenting an output feedback linear quadratic Gaussian regulator controller with an adaptive augmentation controller using the optimal control modification method. The method is applied to a flutter suppression control for a flexible wing aircraft with a novel control device called the Variable Camber
Continuous Trailing Edge Flap (VCCTEF). The aeroservoelastic state space model contains 22 modes. A model reduction is performed using a singular perturbation approach. The reduced-order aeroservoelastic state space model approximates the unstable modes quite well with only the first 8 modes. A simulation is performed to assess the effectiveness of the adaptive augmentation control design using the reduced-order model. Process and sensor noises are included in the model to provide realistic simulations. A virtual control is used to address the physical constraints on the relative deflection of the VCCTEF imposed by the elastomer materials. Simulation results indicate that the adaptive augmentation control design is effective in suppressing unstable aeroelastic modes.
